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Local scour around a vibrating pipeline under currents is investigated numerically. The flow equations, the sediment 
transport equations and the structural dynamic model are coupled in the numerical model. The vibration of the pipeline 
is confined in the vertical direction. It is found that the vibration causes an increase in scour depth below the pipeline. 
The mechanism of the scour is simulated by the numerical model. The numerical results of the scour depth and the 
vibration amplitude are compared with the measured data. Good agreement is observed.  
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1. INTRODUCTION 
Local scour around a fixed offshore pipeline 
under currents has been extensively investigated 
both experimentally and numerically in the past 
decades(1-8). The scour mechanisms such as the 
tunnel scour at the early stage of the scour process 
and the lee-wake scour at the late stage of the scour 
has been well-understood.  
When a subsea pipeline is laid on an erodible 
seabed, local scour below the pipeline leads to free 
spans at locations along the pipeline. Free spans are 
vulnerable to vortex-induced vibration (VIV), which 
has been known as one of the main causes of fatigue 
damages to the pipeline. VIV of pipelines over a 
plane bed has been intensively studies in recent 
decades. Tsahalis(9, 10) and Jacobsen et al.(11, 12) found 
that VIV amplitudes in the in-line direction are 
smaller than those in the transverse direction. In the 
work of Fredsøe et al.(13) and Sumer et al.(14), the 
pipe was allowed to move in the transverse direction 
only. The effects of the gap between the pipeline 
and the bed on VIV were investigated in their 
investigations. A review on pipeline VIV can be 
seen in Sumer and Fredsøe(15). 
Sumer et al.(16) and Gao et al.(17) studied 
interaction between the vibrating pipeline and the 
erodible bed by physical model tests. In both 
investigations, model pipeline was allowed to 
vibrate in only the transverse direction. Their main 
foundings are: (1) VIV does not happen until the 
scour depth below the pipeline is large enough; (2) 
the pipe vibration induces extra erosion which gives 
rise to relatively larger scour depths and scour 
widths; (3) scour affects not only the amplitude of 
pipeline vibration but also the frequency of 
vibration.  
Until now, no numerical investigation of the 
interaction between the pipeline vibration and the 
scour has been reported. In this study, local scour 
below a vibrating pipeline is investigated 
numerically. Solution of turbulent flow field and 
modelling of scour processes and structural 
responses of the pipeline are coupled together. It is 
found that VIV causes increases in scour depth 
below the cylinder. It is also found that numerical 
results are compared well with the experimental data.  
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Fig. 1  Sketch of the computational domain 
 
 
2. NUMERICAL METHOD 
 
Fig. 1 shows a sketch of a vibrating pipeline 
above a scoured bed. The pipeline diameter is D. 
The pipeline is originally resting on the sandy bed. 
The computational domain is 55D in length and 12D 
in height. The distance between the pipeline and the 
inlet boundary is 25D. In the present study, the 
pipeline is allowed to vibrate only in the transverse 
direction. 
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 (1) Flow and scour modeling 
A two dimensional numerical model is 
developed for simulating the scour and vibration. 
The governing equations for simulating the 
turbulent flow are the unsteady incompressible 
Reynolds-Averaged Navier-Stokes (RANS) 
equations. Because of the scour below the pipeline 
and the pipeline vibration, the boundaries of 
computational domain changes continuously. In this 
study, the Arbitrary Lagrangian Eulerian (ALE) 
scheme is applied in order to deal with the moving 
boundary problem. In the ALE scheme, the mesh in 
the interior of the domain is allowed to move 
independently of the fluid. The effect of the mesh 
moving velocity is included in the transport 
equations. The RANS in Cartesian coordinate 
system in the ALE are expressed as 
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where x1 = x and x2 = y are the Cartesian coordinates 
in the in-line and transverse direction respectively, 
ui is the fluid velocity component, t is time, iuˆ  is the 
mesh velocity, ρ is the fluid density, p is the 
pressure, n is the molecular kinetic viscosity, Sij is 
the mean strain rate tensor which is defined as 
2/)//( ijjiij xuxuS ∂∂+∂∂= . The Reynolds 
stress tensor jiuu ′′  is computed by  
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where tν  is the turbulent viscosity and k is the 
turbulent energy.  
The shear stress transport (SST) k-ω turbulence 
model is used for modelling the turbulence. The 
detail of the turbulence model can be found in (18). 
It was found that the SST k-ω model gives good 
predictions of the adverse pressure gradient flows(18).  
The suspended sediment concentration is calculated 
by the following transport equation 
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where ws is the settling velocity of the sediment in 
the water, cσ  is the turbulent Schmidt number 
which is taken to be 0.8 in the present study. Eq. (4) 
is solved by a Patrov-Galerkin FEM. At the 
reference height za, which is the interface between 
the bed load and the suspended load, the sediment 
concentration ca is specified based on the formula 
by Zyserman and Fredsøe(19) 
])045.0(72.01/[])045.0(331.0[ 75.175.1 −+−= θθac
 (5) 
where θ is the Shields parameter. The reference 
height is set to be 502dza =  in the present study, 
with 50d  being the medium grain size of the 
sediment. 
The fractional step formulation is applied for the 
time integration of the momentum equation of Eq. 
(1). The RANS equations, the SST k-ω equations 
and the sediment concentration equation (4) are 
solved by a Petrov-Galerkin Finite Element Method 
(FEM). In the Petrov-Galerkin FEM, the standard 
Galerkin weighting functions are modified by 
adding a streamline upwind perturbation, which acts 
only in the flow direction(20). In the present study, a 
consistent weighted residual finite element 
formulation is derived by applying the weighting 
function to all terms in the equation. The detail of 
the FEM formulations for solving the RANS 
equations and the k-ω equations can be found in 
(21). 
The boundary conditions for simulating the 
governing equations are:  
(1) At the inlet boundary the vertical velocity 
component is set to zero and the vertical 
distributions of the horizontal velocity, turbulent 
quantities and the sediment concentration are 
obtained based on the equilibrium profiles from 
an independent long channel flow calculation 
using the same model.  
(2) At the outflow boundary, the normal gradients 
of the velocity, turbulent quantities and the 
sediment concentration c are set to zero. 
Pressure at the outflow boundary is given a 
reference value of zero. 
(3) At the top boundary, vertical velocity 
component is specified as zero and the normal 
gradient of other quantities are forced to zero.  
(4) At the pipeline surface, the fluid velocity is 
same as the pipeline’s vibrating velocity.  
(5) In order to increase the computation efficiency, 
the standard wall function boundary condition is 
implemented on the bed surface(3, 7, 8). 
The scour model used in this study is identical 
to that developed by Zhao and Cheng(8). Both bed 
load and suspended load are included in the scour 
model. The suspended sediment transport rate is 
calculated by integrating the sediment flux over the 
water depth. The bed load sediment transport rate is 
calculated by the empirical formula(22). A sand slide 
model(3) is employed in this study to ensure that the 
bed slope angle does not exceed the angle of repose 
of sediments. It is found that the sand slide model 
also enhance the stability of the numerical 
calculation. The bed profile evolution is modelled 
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by solving the following conservation equation of 
the sediment mass.  
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where zb is the bed level, λs is the porosity of the 
sediment, q is the sum of the bed load and the 
suspended load sediment transport rates.  
After each time step, the nodal points of the mesh 
are moved according to the new scoured bed profile 
and the new pipeline position. The displacements of 
the mesh points are calculated based on the 
following equation: ( ) 0=∇⋅∇ iSγ  (7) 
where, iS  represents the displacements of the nodal 
points in ix  direction, γ is a parameter that controls 
the mesh deformation. If γ is constant, Eq. (7) 
becomes Laplace equation. In this study, in order to 
avoid the excessive deformation of the near-wall 
elements, parameter γ  in an element is set to be 
A/1=γ , with A being the area of the element. By 
giving the displacements at all the boundaries, Eq. 
(7) is solved by a Galerkin FEM in space. Since the 
displacements in x-direction at all boundaries are 
zero, only the component in y-direction of Eq. (7) is 
solved.  
 
(2) Structural dynamic modelling of pipeline 
displacement 
The displacement of the cylinder is confined in 
vertical direction only. The one-freedom equation of 
the motion generally used to calculate the pipeline’s 
displacement is 
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where Y is the transverse vertical displacement, m is 
the pipeline mass, c the structural damping, K the 
structural stiffness and yF  the hydrodynamic force 
in the transverse direction. Eq. (8) is integrated in 
time using a fourth-order Runge-Kutta algorithm.  
 
 
3. NUMERICAL RESULTS 
 
(1) Validation of the model 
Validation of the model in simulating the scour 
below a fixed pipeline had already been done by 
Zhao and Cheng(8) and will not be discussed here. In 
order to test the capability of the model for VIV 
simulation, the model is used to simulate VIV of a 
circular cylinder in an unbounded domain, where 
the experimental results are available in literature. In 
the computation the mass ratio is taken as 
4.2/* == dmmm , with m being the cylinder mass 
per unit length and 4/2Dmd πρ=  being the mass of 
water displaced by the cylinder of unit length. 
2* 103.1 −×=ζm  with 
Km
c
2
=ζ  being the 
structural damping ratio. The size of computational 
domain is 40D in length and 30D in height. The top 
and bottom boundaries are symmetric boundary. 
Calculations are carried out for reduced velocity 
ranging from 2 to 15. The reduced velocity is 
defined as )/( DfUU nr ∞= , where ∞U  is the 
incoming fluid velocity and mKfn /=  is the 
natural frequency. The Reynolds number ranges 
from 2000 to 15,000. The non-dimensional of the 
element size next to the cylinder surface 
ν/yuy f Δ=+  is kept to be smaller than 2.5.  
Fig. 2 (a) shows the variation of the vibration 
amplitude with the reduced velocity together with 
the experimental data(23). The numerical results for 
vibration amplitudes agree well with the measured 
data in the range of 5<rU  and 7>rU . Significant 
discrepancy exists when reduced velocity is between 
5 and 7. It was reported that numerical models 
generally fail to predict the vibration amplitude in 
this range of reduced velocity(24, 25). It is suspected 
that this is due to the two-dimensional models 
employed in these studues. Fig. 2 (b) shows the 
comparison of the calculated vibration frequency 
with the experimental data. The predicted vibration 
frequency agrees well with the experimental data. 
When Ur is smaller than 12, the vibration frequency 
is close to the natural frequency. It increases sharply 
to a large value after Ur exceeds 12.  
 
(2) Scour below a vibrating pipeline 
The numerical model developed in this study is 
used to simulate the interaction of scour with a 
vibrating pipeline. The numerical results are 
compared with the experimental results by Sumer et 
al.(16). The computations are carried out under the 
conditions as close as possible to those in the 
experiments. The parameters in the calculations 
(shown in Table 1) are the same as those in the 
experiment except the velocity and the water depth. 
The water depth in the experiment was 0.35 m 
which is different from that used in the simulation 
(1.2 m). The rigid surface boundary condition is 
applied in the simulation. This boundary condition 
is not the same as that in the experimental situation 
in which the surface is free. It is found that the water 
depth affects pipeline vibrations. The water depth in 
the calculation is selected by such a criterion that the 
change in amplitudes of pipeline vibration is smaller 
than a prescribed norm (=2%) between two 
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successive water levels (with a interval of 1m) as the 
water depth is increased.  
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Fig. 2 Variation of the vibration of amplitude and 
frequency with reduced velocity. 
 
 
Table 1 Calculation parameters 
Water depth h 1.2 m 
Pipe line diameter D 0.1 m 
Median sediment grain size d50 0.36 mm 
Velocity at 0.1 m above bed U 0.5 m/s 
Shields parameter θ 0.10 
Specific gravity of cylinder ρρ /pipe  1.0 
Natural frequency nf  0.7 Hz 
Structural damping ratio ζ  0.0497 
Reduced velocity )/( DfUV nr =  6.43 
 
 
In the simulation, the cylinder diameter is 0.1 m. 
The Shields parameter is kept the same as that 
measured in the experiment 10.0=θ . In order to 
produce this Shields parameter the velocity at the 
level of the pipeline diameter is u (z = 0.1 m) = 0.5 
m/s. The reduced velocity rU  based on this velocity 
is 7.2. The reduced velocity of Ur = 7.2 reported by 
Sumer et al.(16) is based on the averaged velocity 
from z = 0 to z = 3.5D. In the numerical simulation, 
the velocity averaged over the vertical height 
between y = 0 and 0.35 m (the water depth in the 
experiment is 0.35 m) is 0.6 m/s. This velocity 
produces a reduced velocity 8.6, which is larger than 
that in the experiments. 
A rectangular computational domain is used for 
the calculation as shown in Fig. 1. The domain size 
is 55 D in length and 12 D in height. Fig. 3 shows 
the computational mesh near the pipeline. The 
pipeline is originally resting on the bed surface.  
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Fig. 3 Computational mesh near the pipeline 
 
 
A small scour hole is initially set below the pipe 
in order to avoid a complete re-meshing during the 
calculation. It has been demonstrated in early 
studies that the introduction of this initial scour hole 
has negligible effect on the subsequent scour 
development (Brørs, 1999; Liang et al., 2005). The 
total number of the nodal points of the mesh is 
22442. The non-dimensional dimension of the 
meshes next to the bed is 0.6/ =Δ=+ νyuy f  and 
that next to the cylinder surface is 0.3=+y . In 
order to increase the computational efficiency, the 
morphological time step in the computations is 25 
times of the flow time step. More detail about the 
time marching scheme for scour simulation can be 
found in Zhao et al. (2008).  
In order to ensure the stability of the 
computation, flow around the pipeline is simulated 
by keeping the pipe fixed and the seabed fixed 
firstly. Then, the results of the velocity, the 
turbulent quantities and the sediment concentration 
are used as the initial values for the simulation of 
the scour below a vibrating pipeline.  
Fig. 4 shows the comparison of the computed 
scour profiles at two different stages of the scour 
process. The profiles obtained in the cases where the 
pipe is held fixed (Hansen et al., 1986) are also 
plotted in Fig. 4 for comparison. The flow 
conditions and the sediment properties are identical 
in both the vibrating and the fixed pipe cases. It can 
be seen in Fig. 4 that the scour hole in the case of 
vibrating pipe is substantially larger than that in the 
fixed pipe case. The scour depth from the numerical 
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model overestimates the scour depth in both the 
fixed pipe and the vibrating pipe cases. The reason 
of the discrepancy between the numerical results 
and the experimental data is probably that the two-
dimensional models tend to over-predict the strength 
of the vortex shedding.  
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Fig. 4 Comparison of the scour profiles at two instants 
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Fig. 5 Time development of the scour depth below the pipeline centre 
 
 
Fig. 5 shows the time-development of the 
scour depth below the pipeline centre. At the early 
state of the scour, the scour rate is very high. The 
scour rate decreases with time. After t = 250 
minutes the scour rate becomes very small.  
Fig. 6 (a) shows the development of the 
amplitude (A/D) and the frequency (f/fn) of the 
pipeline vibration. Form Fig. 4 (a) it can be seen 
that the pipeline vibration did not start until 15 
minutes after the initiation of scour in the 
experiment. In the numerical calculation, the 
pipeline vibrates in very small amplitudes (A/D < 
0.05) when t < 12 minutes. The amplitude of the 
vibration increases sharply to about 0.7 at the time 
t=12 minutes, which is slightly earlier than that 
observed in the experiment. The difference 
between the computed amplitude of the pipe 
vibration and the measured one is about 10% 
when t = 200 minutes. Sumer et al. (1990) pointed 
out that the delay in occurrence of initiation of 
vibration is due to the delay in the development of full 
vortex shedding. Zhao et al. (2008) also found that the 
vortex shedding did not happen until some time after 
scour in their calculation of scour below a fixed 
pipeline. In Fig. 6 (b), both measured and computed 
vibration frequencies of the pipe change little once the 
vibration starts. The computed vibration frequency is 
almost same as the natural frequency of the pipe fn 
whereas the measured is slightly larger than fn. The 
difference between the computed and the measured 
frequency is about 18%.  
Fig. 7 shows the measured and the computed time 
series of the pipe displacement (Y) after 200 minutes 
of scour. It can be seen that the cylinder vibrates at a 
regular frequency and the amplitude. The calculated 
maximum displacement in the upwards direction ( +maxY ) 
is almost same as the measured data, whereas the 
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maximum displacement in the downwards 
direction ( −maxY ) is smaller than the measured one.  
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Fig. 6 Development of the amplitude and the 
frequency of the pipe vibration 
 
 
Fig. 8 shows the variation of the mean pipe 
displacement ( )(5.0 maxmax0
−+ −= YYY ) with time. At 
the very early stage of the scour, before the pipe 
starts vibrating, the mean position of the pipe is 
below zero. It increases sharply to a positive value 
once the vibration starts. After that it gradually 
reduces to a negative value with the scour depth 
deepening. The mean pipeline position is 
067.0/0 =DY at t = 200 minutes.  
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Fig. 7 Time series of pipe displacement (time = 0 
stands for 200 minutes after scour) 
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Fig. 8 Variation of the mean pipe displacement with 
time 
 
-10 -5 0 5 10 15
x/D
0.0
0.5
1.0
1.5
2.0
θ/θ
0
Y = 0
Y = Ymax
Y = Ymin
 
Fig. 9 Distribution of the bed Shields parameter along 
the bed surface 
 
 
Fig. 9 shows the distribution of the Shields 
parameter along the bed surface at three moments in a 
cycle of the vibration. It is clearly seen that large 
Shields parameter is produced when the displacement 
of the pipeline reaches the minimum value. The large 
Shields parameter produces high value of sediment 
transport rate, which leads to an increase in scour 
depth. Sumer et al. (1990) also observed a large 
sediment transport rate when the pipeline reaches the 
lowest position. They stated that this is the main 
reason why the scour depth below a vibrating pipeline 
is larger than that in the fixed pipeline case. The 
oscillation of the Shields parameter behind the 
pipeline is because of the vortex shedding from the 
pipeline. It had been demonstrated that the vortex 
shedding dominate the scour process in the late stage 
of the scour development in the fixed pipeline case 
(Mao, 1986; Zhao et al., 2008). The scour behind a 
vibrating pipeline is also dominated by the vortex 
shedding in the late stage of the scour development.  
 
 
4. CONCLUSIONS 
 
The finite element model is established for simulating 
the scour below a vibrating pipeline. The 
computational fluid dynamic model is coupled with 
the structural dynamic model. An Arbitrary 
Lagrangian Eulerian method is employed for treating 
the moving boundary. The numerical results are 
validated against the experimental data. Good 
agreement is obtained. The scour process observed in 
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the experiment is well simulated by the numerical 
model.  
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